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Higgs physics 

• Discovery at Run-1 opened the path for properties measurements at Run-2 


‣ Understanding the perturbative expansion of its 
potential (λv2h2). 


‣ The Higgs boson (H) mass (mH) is a fundamental 
parameter of the Standard Model.


‣ Precise measurements the Higgs interactions can 
indicate presence of new physics. 
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Figure 2: a) Potential V (S) as a function of the average value of the field S.
b) Higgs potential as a function of the Higgs field average value H for µ2 =
�(90 GeV)2, � = 0.13, c0 = µ4/(4�) (solid red line). Experiments probe the
minimum of the potential and its curvature at the minimum (dashed blue line).

the Big Bang from a high temperature phase with the symmetric vacuum (zero
average Higgs field) to a low temperature phase6 when it fell into one of the
two minima, e.g. Hvac = v/

p
2 > 0, which became our current vacuum. This

phase transition, known as the electroweak phase transition, will be discussed
in Section 6.

The Higgs particle (Higgs boson or Higgs in short) is the quantum of the
Higgs field. Its mass is defined by the Higgs potential but while the mass of the
S particle is clearly visible in Eq.2 as the positive coe�cient of the S2 term,
the same is not true for the Higgs since the coe�cient µ2 of the H2 term has
the wrong sign, it is negative. In order to expose the mass of the corresponding
Higgs, we have to separate the field H into two parts: a part h corresponding
to the Higgs particle, which fluctuates about Hvac = v/

p
2, and the constant

part v/
p
2 itself,

H = (h+ v)/
p
2. (4)

Plugging the separated field H into Eq.3, we get for c0 = µ4/(4�)

V (h) =
1

4
�h4 + �vh3 + �v2h2 (5)

We will focus on the last term, �v2h2, which has the form of a mass term,
M2

h h2/2, with the correct sign. It corresponds to the Higgs boson with the
mass

M2
h = 2�v2 = �2µ2 (6)

The most important fact that the Higgs field must be nonzero in the vacuum
(including the value of v) has been known for decades, but we had to wait for

6
The temperature of the current Universe is e↵ectively zero.
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Unbroken symmetry Broken symmetry 

Prediction and uncertainties of Higgs production 
processes as a function of the mH

Power law expansion of the potential 

Latest prediction from LHC Higgs 
Working group 

  The Higgs sector is a portal to constraining the 
understanding of undiscovered phenomena

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
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Introduction

• Current reach same order of magnitude as that expected with 20 times the data. 

‣ New ideas needed to extend the reach in phase-space and to constrain systematics. 

3

HL LHC ATLAS projections 

• Measurements of the Higgs properties on its pole. 


‣ Direct measurement and sensitivity to couplings (κg κV κt) ~ the current LHC program.
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Figure 19: (a) Di�erential fiducial cross section for the transverse momentum ?
4✓
T of the Higgs boson, along with (b)

the corresponding correlation matrix between the measured cross sections and the //⇤ background normalisation
factors. The measured cross sections are compared with ggF predictions by M��G����5_�MC@NLO-FxFx,
NNLOJET, R��ISH, and NNLOPS, where M��G����5_�MC@NLO-FxFx and NNLOPS are normalised to the
N3LO total cross section with the listed  -factors while the normalisations for NNLOJET and R��ISH are to their
respective predicted cross sections. MC-based predictions for all other Higgs boson production modes -� are
normalised to the SM predictions. The error bars on the data points show the total uncertainties, while the systematic
uncertainties are indicated by the boxes. The shaded bands on the expected cross sections indicate the PDF and
scale systematic uncertainties, calculated as described in Section 8.2. This includes the uncertainties related to the
-� production modes. The ?-values indicating the probability of compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions. The
central panel of (a) shows the ratio of di�erent predictions to the data, and the grey area represents the total uncertainty
of the measurement. The bottom panel of (a) shows the ratios of the fitted values of the //⇤ normalisation factors
to the predictions from MC simulation discussed in Section 3. As indicated by the horizontal error bars, the //⇤

normalisation is estimated in each of the first three ?4✓
T bins separately, while the next two bins share a common

estimation factor, as do the last five bins.
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• Simultaneous study from same final state at different energy regimes:

‣ capturing energy dependence induced by new phenomena

‣ leverage arm on H(HH) couplings from measurements at different energy regimes.


Off shell

4

• Investigate study of H couplings in off-shell production. 

‣ Sensitivity in longitudinally polarised vector bosons production. 


Barone, Gaetano and Xu, Lailin, “Exploring polarized vector bosons to measure the 

Higgs boson properties in diboson channels”, SNOWMASS21 EF1 EF2 105. 

• Sensitivity from on shell production. 


‣ Direct measurement and sensitivity to couplings (κg κV κt).

2

cuss here will be the ones that benefit the most, not
only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the High-Energy (HE) LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this
is obvious: since the SM is the only theory that can
be extrapolated to arbitrarily1 high-energy, any de-
parture from it can have only a finite range of valid-
ity, a fact that is made manifest by a disproportion-
ate growth in certain scattering amplitudes. Theo-
ries with a finite range of validity are, by definition,
EFTs; for this reason the best vehicle to communi-
cate our message is the EFT language of Eq. (1). We
stress nevertheless that at, tree level, the very same
conclusions can be reached in the  framework [1] or
in the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z-bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17–19]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. An energy-growing process sensitive to the Higgs

trilinear, Eq. (5). Here we show the diagram in unitary gauge;

it is equivalent to the one in Table I where the Goldstones are

kept explicit. The two VBF jets and, in particular, same-sign

leptons give rise to an exceptionally clean channel.

presented here. However, we envisage several strate-
gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a quick and
intuitive way of to assess this based on 1) dimensional
analysis, 2) our choice of EFT basis Eq. (1), and
3) on the parametrization chosen in Eq. (2), where
the longitudinal polarizations are explicitly repre-
sented by their scalar high-energy counterpart [20–
22]. For v ! 0, the operators of Eq. (1) contribute
directly to contact interactions with n = 4 fields
(OWW , OBB , OGG, Or), 5 fields (Oy ) or 6 fields
(OH), with a coupling / 1/⇤2 that carries two in-
verse powers of mass dimensions. Amplitudes gen-
erated by these contact vertices do not involve any
propagators (which carry inverse powers of energy)
and are therefore maximally energy-growing. At
high-energy—E � mW ,mh,mt—the only other di-
mensionful parameter is the energy E; hence, generi-
cally, we expect that the BSM and SM contributions
to the same process scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)
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Figure 2: Di�erential cross-sections as a function of the four-lepton invariant mass m4` predicted by MC simulation.
The total gg ! 4` includes contributions from gg ! H

(⇤) ! 4` as well as gg ! 4` and the interference between
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section.
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Off shell

5

• Investigate study of H couplings in off-shell production. 

‣ Sensitivity in longitudinally polarised vector bosons production. 
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colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinally polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. To help visualize our discussion in terms
of HC, Fig. 1 shows a diagram exhibiting E-growth
in unitary-gauge. Notice that the amplitudes associ-
ated with the modified couplings grow quadratically
with energy E2 (with the exception of Eq. (5), see
later).

In the following paragraphs we explore these pro-
cesses in turn and provide a first estimate of the
potential HwH reach at the HL-LHC in comparison
with the reach from Higgs couplings measurements.
Our results are based on leading order (LO) Mad-
Graph simulations [23], where the Higgs couplings
have been modified using FeynRules [13] and checked
against the model of Ref. [24].

FIG. 2. Process sensitive to the top Yukawa, Eq. (4). The

boosted single top and the forward jet tag the event. The anal-

ysis is binned in the number of leptons, from the vector boson

decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [25];
however, an anomalous top quark Yukawa induces

a quadratic energy growth in the five point ampli-
tude A(bVL ! tVLVL) involving a bottom quark, a
top, and three longitudinal bosons. This amplitude
leads to a process with a final state consisting of a
top quark, a forward jet and two longitudinally po-
larized vector bosons, see Eq. (4) and Fig. 2. Notice
that these have a smaller energy threshold compared
with the tth final state used in HC measurements.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250/500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. For the hadronic modes—which domi-
nate the 0 and 1 lepton channels—the largest source
of background comes from t̄tjj ! tWbjj where the
b quark gets misidentified as an ordinary jet and the
two lowest rapidity jets reconstruct a W/Z-boson.
After applying the event topology selection cuts—
the required forward jet, the invariant mass of the
two lower rapidity jets reconstructs an EW gauge bo-
son mass, and a boosted top—the cross-section is 470
fb (22 fb) for pt

T
> 250 GeV (> 500 GeV), roughly

80 (20) times that of the signal. However, in or-
der to fall into the signal region, the b quark must
be misidentified as a regular jet and the pair of lower
rapidity jets must mimic a hadronically decaying vec-
tor. The b misidentification rate is order 10% for a
90% light jet acceptance [27]. Vector boson tagging
techniques [28] can identify a hadronically decaying
vector with a 102 background rejection for a 40%
signal e�ciency. A conservative estimate of the com-
bined e↵ect of these cuts brings the background to
comparable or smaller size than the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal

2
See also Ref. [26] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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of background comes from t̄tjj ! tWbjj where the
b quark gets misidentified as an ordinary jet and the
two lowest rapidity jets reconstruct a W/Z-boson.
After applying the event topology selection cuts—
the required forward jet, the invariant mass of the
two lower rapidity jets reconstructs an EW gauge bo-
son mass, and a boosted top—the cross-section is 470
fb (22 fb) for pt

T
> 250 GeV (> 500 GeV), roughly

80 (20) times that of the signal. However, in or-
der to fall into the signal region, the b quark must
be misidentified as a regular jet and the pair of lower
rapidity jets must mimic a hadronically decaying vec-
tor. The b misidentification rate is order 10% for a
90% light jet acceptance [27]. Vector boson tagging
techniques [28] can identify a hadronically decaying
vector with a 102 background rejection for a 40%
signal e�ciency. A conservative estimate of the com-
bined e↵ect of these cuts brings the background to
comparable or smaller size than the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal

2
See also Ref. [26] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.

• Sensitivity from on shell production. 


‣ Direct measurement and sensitivity to couplings (κg κV κt).

Higgs Couplings without the Higgs

Brian Henning, Davide Lombardo, Marc Riembau, and Francesco Riva
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. We show that modifications of Higgs couplings induce energy-growing
e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and we initiate a novel
program to study these very modifications of Higgs couplings o↵-shell and at high-energy, rather
than on the Higgs resonance. Our analysis suggests that these channels are complementary and, at
times, competitive with familiar on-shell measurements; moreover, they o↵er endless opportunities
for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this letter we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of lon-
gitudinally polarized gauge bosons. We will show

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

that this program is potentially competitive with on-
shell measurements. Moreover—and perhaps equally
important—this program contains numerous avenues
for refinements and improvements: it can benefit
maximally from accumulated statistics, from im-
proved SM computations of di↵erential distributions,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses. Further-
more, given the complexity of the final states, we ex-
pect advanced machine learning techniques [12–14]
could drastically improve our simple cut and count
analysis. Additionally, in the context of a global pre-
cision program, the high-energy aspects that we dis-
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cuss here will be the ones that benefit the most, not
only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the High-Energy (HE) LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this
is obvious: since the SM is the only theory that can
be extrapolated to arbitrarily1 high-energy, any de-
parture from it can have only a finite range of valid-
ity, a fact that is made manifest by a disproportion-
ate growth in certain scattering amplitudes. Theo-
ries with a finite range of validity are, by definition,
EFTs; for this reason the best vehicle to communi-
cate our message is the EFT language of Eq. (1). We
stress nevertheless that at, tree level, the very same
conclusions can be reached in the  framework [1] or
in the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z-bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17–19]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. An energy-growing process sensitive to the Higgs

trilinear, Eq. (5). Here we show the diagram in unitary gauge;

it is equivalent to the one in Table I where the Goldstones are

kept explicit. The two VBF jets and, in particular, same-sign

leptons give rise to an exceptionally clean channel.

presented here. However, we envisage several strate-
gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a quick and
intuitive way of to assess this based on 1) dimensional
analysis, 2) our choice of EFT basis Eq. (1), and
3) on the parametrization chosen in Eq. (2), where
the longitudinal polarizations are explicitly repre-
sented by their scalar high-energy counterpart [20–
22]. For v ! 0, the operators of Eq. (1) contribute
directly to contact interactions with n = 4 fields
(OWW , OBB , OGG, Or), 5 fields (Oy ) or 6 fields
(OH), with a coupling / 1/⇤2 that carries two in-
verse powers of mass dimensions. Amplitudes gen-
erated by these contact vertices do not involve any
propagators (which carry inverse powers of energy)
and are therefore maximally energy-growing. At
high-energy—E � mW ,mh,mt—the only other di-
mensionful parameter is the energy E; hence, generi-
cally, we expect that the BSM and SM contributions
to the same process scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)

• Simultaneous study from same final state at different energy regimes:

‣ capturing energy dependence induced by new phenomena

‣ leverage arm on H(HH) couplings from measurements at different energy regimes.
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• Use SMEFT for probing the sensitivity to BSM couplings


‣  Produced dedicates samples for signal and background and different polarisation states.  


‣  Currently probing cpg and cpt

• Focus (first) on the very pure H→ZZ→4ℓ(+jj) final state. 


‣ Final state selection pT(ℓ) > 5 GeV and |η| < 2.7. 


‣ Isolate sensitivity to Higgs couplings in gg(→H)→ZLZL

‣ Exploit differences between qq→ZZ and gg→ZLZL
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• Make use angular distributions in multivariate analysis to discriminate: 


(i) Between qq→ZZ and gg→ZLZL

(ii) Isolate polarisation states of vector bosons. 
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Analysis structure
• 2D analysis structure, for categorising qq-induced and gg-induced polarised vector bosons 


(i) Between qq→ZZ and gg→ZLZL

(ii) Isolate polarisation states of vector bosons. 
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Conclusions & Next steps
• Look for new physics in the interplay of the off shell and on shell Higgs


‣ Exploit the energy growing sensitivity in polarised vector bosons. 


‣ Project measurements of (double) differential cross sections on 4ℓ final state


✦  qq→Z(L)Z(L)+jj vs H→gg→Z(L)Z(L) (+jj)


‣ Correlate couplings in different regimes to capture energy dependence. 


‣ Interpret measurements in context of EFT. 


•  Expand measurements to (H→)W(L)W(L)→ℓνℓν(+jj)


‣ Tackle tt̅ background with MVA methods. 


• Investigate sensitivity in lepton colliders through ZH production

11



Additional material.

12
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Couplings interpretations
• Results interpreted in the context of new physics:


‣ Standard Model Effective Field Theory as the standard candle. 


‣ Probe for non-SM contributions to the tensor structure of the 
Higgs boson. 
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• Couplings interpretations: 

‣ Based on summer combination. 

‣ New: enhance sensitivity by isolating dependencies in Wilson coefficients 
(ci ), allowing for simultaneous extraction.  

• Upcoming combinations (mH=125.09 ± 0.240 GeV)

1.Differential cross sections: with H→4ũ (published), H→γγ, 

H→bb̅, (and eventually H→WW)
2.H+HH combination 
3.CP analyses combination 
4.ATLAS+CMS differential cross section combination 
5.Couplings combinations, when more channels are available 

ATLAS and ATLAS+CMS
6.Mass combination (depends on H→γγ/calibration)

Combinations

17

‣  Added limits on 6 benchmark MSSM models. 

In ATLAS circulation, aiming at Higgs2020
ATLAS DRAFT

3 Methodology of Effective Field Theory interpretations196

Standard Model Effective Field Theory (SMEFT) provides a theoretically elegant language to encode the197

modifications of the Higgs properties induced by a wide class of beyond-the-SM (BSM) models that reduce198

to the SM at low energies, and is systematically improvable with higher-order perturbative calculations.199

Within the mathematical language of the SMEFT, the effects of BSM dynamics at high energies Λ ! !,200

well above the electroweak scale ! = 246 GeV, can be parametrised at low energies, " " Λ, in terms of201

higher-dimensional operators built up from the Standard Model fields and respecting its symmetries such202

as gauge invariance:203

LSMEFT = LSM +
!!6∑
"

#"
Λ2 O

(6)
" +

!!8∑
#

$ #

Λ4 O
(8)
# + . . . (2)

where LSM is the SM Lagrangian and O(6)
" and O(8)

# represent a complete set of operators of mass-204

dimensions % = 6 and % = 8. Operators with % = 5 and % = 7 violate lepton and/or baryon number205

conservation and are not relevant for Higgs physics. The effective theory expansion in Eq. 2 is robust,206

fully general, and can be systematically matched to explicit ultraviolet-complete BSM scenarios.207

In this analysis the “Warsaw” basis [76] is used, which forms a complete set of all O(6)
" operators in208

Eq. 2 allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various209

fields of particle physics and the usage of a common basis will allow easier future combination of these210

measurements. Contributions of operators of mass-dimension % = 8 are not considered. The goal of the211

analysis is to constrain the % = 6 Wilson coefficients that correspond to operators that either directly impact212

or indirectly impact Higgs boson couplings to SM particles [10, 77]. Table 3 lists the operators considered213

in this analysis, and their corresponding Wilson coefficients # # . Here, all CP-even % = 6 operators were214

considered for which the Λ−2-suppressed contribution to any of the STXS categories measured in Figure 1215

exceeds 1‰ w.r.t. the SM prediction.216
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Table 3: Wilson coefficients # # and corresponding % = 6 SMEFT operators O # used in this analysis.
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(a) (b)

(c) (d)

Figure 15: Exclusion contours in the (mA, tan �) plane for the M125
h

(a), M125
h

( �̃) (b), M125
h

(⌧̃) (c) and M125
h

(alignment)
(a) scenarios. Observed (solid) and expected (dashed) contours at 95% C.L., defined as �2 ln⇤ = 5.99 according to
the asymptotic approximation, are shown. The excluded parameter space is marked in yellow.
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108

13th October 2020 – 03:36 4

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT

Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108
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‣ by isolating dependencies in Wilson coefficients (ci) 

allowing for simultaneous extraction through eigenvector 
decomposition of the dependencies. 
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• Account for BSM acceptance effects in kinematic observables of decay products 
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Couplings interpretations
• Results interpreted in the context of new physics:


‣ Standard Model Effective Field Theory as the standard candle. 


‣ Probe for non-SM contributions to the tensor structure of the Higgs boson. 

14

Production mode

G. Barone October-20

• Couplings interpretations: 

‣ Based on summer combination. 

‣ New: enhance sensitivity by isolating dependencies in Wilson coefficients 
(ci ), allowing for simultaneous extraction.  

• Upcoming combinations (mH=125.09 ± 0.240 GeV)

1.Differential cross sections: with H→4ũ (published), H→γγ, 

H→bb̅, (and eventually H→WW)
2.H+HH combination 
3.CP analyses combination 
4.ATLAS+CMS differential cross section combination 
5.Couplings combinations, when more channels are available 

ATLAS and ATLAS+CMS
6.Mass combination (depends on H→γγ/calibration)

Combinations

17

‣  Added limits on 6 benchmark MSSM models. 

In ATLAS circulation, aiming at Higgs2020
ATLAS DRAFT

3 Methodology of Effective Field Theory interpretations196

Standard Model Effective Field Theory (SMEFT) provides a theoretically elegant language to encode the197

modifications of the Higgs properties induced by a wide class of beyond-the-SM (BSM) models that reduce198

to the SM at low energies, and is systematically improvable with higher-order perturbative calculations.199

Within the mathematical language of the SMEFT, the effects of BSM dynamics at high energies Λ ! !,200

well above the electroweak scale ! = 246 GeV, can be parametrised at low energies, " " Λ, in terms of201

higher-dimensional operators built up from the Standard Model fields and respecting its symmetries such202

as gauge invariance:203

LSMEFT = LSM +
!!6∑
"

#"
Λ2 O

(6)
" +

!!8∑
#

$ #

Λ4 O
(8)
# + . . . (2)

where LSM is the SM Lagrangian and O(6)
" and O(8)

# represent a complete set of operators of mass-204

dimensions % = 6 and % = 8. Operators with % = 5 and % = 7 violate lepton and/or baryon number205

conservation and are not relevant for Higgs physics. The effective theory expansion in Eq. 2 is robust,206

fully general, and can be systematically matched to explicit ultraviolet-complete BSM scenarios.207

In this analysis the “Warsaw” basis [76] is used, which forms a complete set of all O(6)
" operators in208

Eq. 2 allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various209

fields of particle physics and the usage of a common basis will allow easier future combination of these210

measurements. Contributions of operators of mass-dimension % = 8 are not considered. The goal of the211

analysis is to constrain the % = 6 Wilson coefficients that correspond to operators that either directly impact212

or indirectly impact Higgs boson couplings to SM particles [10, 77]. Table 3 lists the operators considered213

in this analysis, and their corresponding Wilson coefficients # # . Here, all CP-even % = 6 operators were214

considered for which the Λ−2-suppressed contribution to any of the STXS categories measured in Figure 1215

exceeds 1‰ w.r.t. the SM prediction.216

Wilson coefficient Operator
#$! (&†&)!(&†&)
#$%%

(
&†'&&

)∗ (
&†'&&

)
#$' &†& ((

&)(
(&)

#$* &†& )&))&)

#$+ &†&* ,
&)*

, &)

#$+* &†+,&* ,
&))

&)

|#-$ | (&†&)( ,̄.-/&)
#$01 (&†.

←→
' &&) ( ,̄./&,/ )

#$03 (&†.
←→
' ,

&&)( ,̄.+, /&,/ )
#$- (&†.

←→
' &&)(-̄./&-/ )

#$11 (&†.
←→
' &&)(0̄./&0/ )

#$13 (&†.
←→
' ,

&&) (0̄.+, /&0/ )
#$2 (&†.

←→
' &&) (1̄./&1/ )

#$3 (&†.
←→
' &&) (%̄./&%/ )

Wilson coefficient Operator
|#2' | (0̄.2&)3 (1/ )&̃ ((

&)

|#2+ | (0̄.2&)1/ )+, &̃ * ,
&)

|#2* | (0̄.2&)1/ )&̃ )&)

#001 ( ,̄./&,4 ) ( ,̄//&,5)
#111 (0̄./&04 ) (0̄//&05)
#113 (0̄./&+, 0/ ) (0̄5/&+, 04 )
#1111 (0̄./&04 ) (0̄//&05)
#1131 (0̄./&+, 04 ) (0̄//&+, 05)
#22 (1̄./&1/ ) (1̄5/&14 )
#221 (1̄./&14 ) (1̄//&15)
#121 (0̄./&04 )(1̄//&15)
#238 (1̄./&3 (1/ )(%̄5/&3 (%4 )
#128 (0̄./&3 (0/ ) (1̄5/&3 (14 )
#138 (0̄./&3 (0/ )(%̄5/&3 (%4 )
#' 4 (*6(()

& (*7
) (6&

7

Table 3: Wilson coefficients # # and corresponding % = 6 SMEFT operators O # used in this analysis.
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Figure 9: Summary of observed measurements of the parameters c0
i

with the SMEFT linearized model (blue) and the
SMEFT model with additional quadratic terms.
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(a) (b)

(c) (d)

Figure 15: Exclusion contours in the (mA, tan �) plane for the M125
h

(a), M125
h

( �̃) (b), M125
h

(⌧̃) (c) and M125
h

(alignment)
(a) scenarios. Observed (solid) and expected (dashed) contours at 95% C.L., defined as �2 ln⇤ = 5.99 according to
the asymptotic approximation, are shown. The excluded parameter space is marked in yellow.
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108
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Couplings interpretations
• Results interpreted in the context of new physics:


‣ Results in both 

✦ linear approximation for dim-6 operators and,


✦ linear plus quadratic approximation for general sensitivity to dim-8, suppressed by Λ-4

15

Production mode

G. Barone October-20

• Couplings interpretations: 

‣ Based on summer combination. 

‣ New: enhance sensitivity by isolating dependencies in Wilson coefficients 
(ci ), allowing for simultaneous extraction.  

• Upcoming combinations (mH=125.09 ± 0.240 GeV)

1.Differential cross sections: with H→4ũ (published), H→γγ, 

H→bb̅, (and eventually H→WW)
2.H+HH combination 
3.CP analyses combination 
4.ATLAS+CMS differential cross section combination 
5.Couplings combinations, when more channels are available 

ATLAS and ATLAS+CMS
6.Mass combination (depends on H→γγ/calibration)

Combinations

17

‣  Added limits on 6 benchmark MSSM models. 

In ATLAS circulation, aiming at Higgs2020
ATLAS DRAFT

3 Methodology of Effective Field Theory interpretations196

Standard Model Effective Field Theory (SMEFT) provides a theoretically elegant language to encode the197

modifications of the Higgs properties induced by a wide class of beyond-the-SM (BSM) models that reduce198

to the SM at low energies, and is systematically improvable with higher-order perturbative calculations.199

Within the mathematical language of the SMEFT, the effects of BSM dynamics at high energies Λ ! !,200

well above the electroweak scale ! = 246 GeV, can be parametrised at low energies, " " Λ, in terms of201

higher-dimensional operators built up from the Standard Model fields and respecting its symmetries such202

as gauge invariance:203

LSMEFT = LSM +
!!6∑
"

#"
Λ2 O

(6)
" +

!!8∑
#

$ #

Λ4 O
(8)
# + . . . (2)

where LSM is the SM Lagrangian and O(6)
" and O(8)

# represent a complete set of operators of mass-204

dimensions % = 6 and % = 8. Operators with % = 5 and % = 7 violate lepton and/or baryon number205

conservation and are not relevant for Higgs physics. The effective theory expansion in Eq. 2 is robust,206

fully general, and can be systematically matched to explicit ultraviolet-complete BSM scenarios.207

In this analysis the “Warsaw” basis [76] is used, which forms a complete set of all O(6)
" operators in208

Eq. 2 allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various209

fields of particle physics and the usage of a common basis will allow easier future combination of these210

measurements. Contributions of operators of mass-dimension % = 8 are not considered. The goal of the211

analysis is to constrain the % = 6 Wilson coefficients that correspond to operators that either directly impact212

or indirectly impact Higgs boson couplings to SM particles [10, 77]. Table 3 lists the operators considered213

in this analysis, and their corresponding Wilson coefficients # # . Here, all CP-even % = 6 operators were214

considered for which the Λ−2-suppressed contribution to any of the STXS categories measured in Figure 1215

exceeds 1‰ w.r.t. the SM prediction.216

Wilson coefficient Operator
#$! (&†&)!(&†&)
#$%%

(
&†'&&

)∗ (
&†'&&

)
#$' &†& ((

&)(
(&)

#$* &†& )&))&)

#$+ &†&* ,
&)*

, &)

#$+* &†+,&* ,
&))

&)

|#-$ | (&†&)( ,̄.-/&)
#$01 (&†.

←→
' &&) ( ,̄./&,/ )

#$03 (&†.
←→
' ,

&&)( ,̄.+, /&,/ )
#$- (&†.

←→
' &&)(-̄./&-/ )

#$11 (&†.
←→
' &&)(0̄./&0/ )

#$13 (&†.
←→
' ,

&&) (0̄.+, /&0/ )
#$2 (&†.

←→
' &&) (1̄./&1/ )

#$3 (&†.
←→
' &&) (%̄./&%/ )

Wilson coefficient Operator
|#2' | (0̄.2&)3 (1/ )&̃ ((

&)

|#2+ | (0̄.2&)1/ )+, &̃ * ,
&)

|#2* | (0̄.2&)1/ )&̃ )&)

#001 ( ,̄./&,4 ) ( ,̄//&,5)
#111 (0̄./&04 ) (0̄//&05)
#113 (0̄./&+, 0/ ) (0̄5/&+, 04 )
#1111 (0̄./&04 ) (0̄//&05)
#1131 (0̄./&+, 04 ) (0̄//&+, 05)
#22 (1̄./&1/ ) (1̄5/&14 )
#221 (1̄./&14 ) (1̄//&15)
#121 (0̄./&04 )(1̄//&15)
#238 (1̄./&3 (1/ )(%̄5/&3 (%4 )
#128 (0̄./&3 (0/ ) (1̄5/&3 (14 )
#138 (0̄./&3 (0/ )(%̄5/&3 (%4 )
#' 4 (*6(()

& (*7
) (6&

7

Table 3: Wilson coefficients # # and corresponding % = 6 SMEFT operators O # used in this analysis.
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Figure 9: Summary of observed measurements of the parameters c0
i

with the SMEFT linearized model (blue) and the
SMEFT model with additional quadratic terms.

13th October 2020 – 03:36 25

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT

(a) (b)

(c) (d)

Figure 15: Exclusion contours in the (mA, tan �) plane for the M125
h

(a), M125
h

( �̃) (b), M125
h

(⌧̃) (c) and M125
h

(alignment)
(a) scenarios. Observed (solid) and expected (dashed) contours at 95% C.L., defined as �2 ln⇤ = 5.99 according to
the asymptotic approximation, are shown. The excluded parameter space is marked in yellow.
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.
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Introduction

• Theorists investigate study of H couplings in off-shell production. 


‣ Sensitivity in longitudinally polarized vector bosons production. 


‣ Growth of sensitivity with energy 


‣ Sensitivity to κg κV κt from:


• Sensitivity from on shell production 


‣ Well-known analyses in the Higgs sector.


‣  Sensitivity to κg κV κt from:


✦ κg differential measurements targeting ggF. 


✦ κV VBF measurements in ZZ* WW*


✦ κt (loop) from pTH spectra and clean signatures in ttH̅, H→ZZ→4ℓ 
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. We show that modifications of Higgs couplings induce energy-growing
e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and we initiate a novel
program to study these very modifications of Higgs couplings o↵-shell and at high-energy, rather
than on the Higgs resonance. Our analysis suggests that these channels are complementary and, at
times, competitive with familiar on-shell measurements; moreover, they o↵er endless opportunities
for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this letter we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of lon-
gitudinally polarized gauge bosons. We will show

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

that this program is potentially competitive with on-
shell measurements. Moreover—and perhaps equally
important—this program contains numerous avenues
for refinements and improvements: it can benefit
maximally from accumulated statistics, from im-
proved SM computations of di↵erential distributions,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses. Further-
more, given the complexity of the final states, we ex-
pect advanced machine learning techniques [12–14]
could drastically improve our simple cut and count
analysis. Additionally, in the context of a global pre-
cision program, the high-energy aspects that we dis-
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cuss here will be the ones that benefit the most, not
only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the High-Energy (HE) LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this
is obvious: since the SM is the only theory that can
be extrapolated to arbitrarily1 high-energy, any de-
parture from it can have only a finite range of valid-
ity, a fact that is made manifest by a disproportion-
ate growth in certain scattering amplitudes. Theo-
ries with a finite range of validity are, by definition,
EFTs; for this reason the best vehicle to communi-
cate our message is the EFT language of Eq. (1). We
stress nevertheless that at, tree level, the very same
conclusions can be reached in the  framework [1] or
in the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z-bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17–19]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. An energy-growing process sensitive to the Higgs

trilinear, Eq. (5). Here we show the diagram in unitary gauge;

it is equivalent to the one in Table I where the Goldstones are

kept explicit. The two VBF jets and, in particular, same-sign

leptons give rise to an exceptionally clean channel.

presented here. However, we envisage several strate-
gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a quick and
intuitive way of to assess this based on 1) dimensional
analysis, 2) our choice of EFT basis Eq. (1), and
3) on the parametrization chosen in Eq. (2), where
the longitudinal polarizations are explicitly repre-
sented by their scalar high-energy counterpart [20–
22]. For v ! 0, the operators of Eq. (1) contribute
directly to contact interactions with n = 4 fields
(OWW , OBB , OGG, Or), 5 fields (Oy ) or 6 fields
(OH), with a coupling / 1/⇤2 that carries two in-
verse powers of mass dimensions. Amplitudes gen-
erated by these contact vertices do not involve any
propagators (which carry inverse powers of energy)
and are therefore maximally energy-growing. At
high-energy—E � mW ,mh,mt—the only other di-
mensionful parameter is the energy E; hence, generi-
cally, we expect that the BSM and SM contributions
to the same process scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)

3

colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinally polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. To help visualize our discussion in terms
of HC, Fig. 1 shows a diagram exhibiting E-growth
in unitary-gauge. Notice that the amplitudes associ-
ated with the modified couplings grow quadratically
with energy E2 (with the exception of Eq. (5), see
later).

In the following paragraphs we explore these pro-
cesses in turn and provide a first estimate of the
potential HwH reach at the HL-LHC in comparison
with the reach from Higgs couplings measurements.
Our results are based on leading order (LO) Mad-
Graph simulations [23], where the Higgs couplings
have been modified using FeynRules [13] and checked
against the model of Ref. [24].

FIG. 2. Process sensitive to the top Yukawa, Eq. (4). The

boosted single top and the forward jet tag the event. The anal-

ysis is binned in the number of leptons, from the vector boson

decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [25];
however, an anomalous top quark Yukawa induces

a quadratic energy growth in the five point ampli-
tude A(bVL ! tVLVL) involving a bottom quark, a
top, and three longitudinal bosons. This amplitude
leads to a process with a final state consisting of a
top quark, a forward jet and two longitudinally po-
larized vector bosons, see Eq. (4) and Fig. 2. Notice
that these have a smaller energy threshold compared
with the tth final state used in HC measurements.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250/500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. For the hadronic modes—which domi-
nate the 0 and 1 lepton channels—the largest source
of background comes from t̄tjj ! tWbjj where the
b quark gets misidentified as an ordinary jet and the
two lowest rapidity jets reconstruct a W/Z-boson.
After applying the event topology selection cuts—
the required forward jet, the invariant mass of the
two lower rapidity jets reconstructs an EW gauge bo-
son mass, and a boosted top—the cross-section is 470
fb (22 fb) for pt

T
> 250 GeV (> 500 GeV), roughly

80 (20) times that of the signal. However, in or-
der to fall into the signal region, the b quark must
be misidentified as a regular jet and the pair of lower
rapidity jets must mimic a hadronically decaying vec-
tor. The b misidentification rate is order 10% for a
90% light jet acceptance [27]. Vector boson tagging
techniques [28] can identify a hadronically decaying
vector with a 102 background rejection for a 40%
signal e�ciency. A conservative estimate of the com-
bined e↵ect of these cuts brings the background to
comparable or smaller size than the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal

2
See also Ref. [26] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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> 250 GeV (> 500 GeV), roughly

80 (20) times that of the signal. However, in or-
der to fall into the signal region, the b quark must
be misidentified as a regular jet and the pair of lower
rapidity jets must mimic a hadronically decaying vec-
tor. The b misidentification rate is order 10% for a
90% light jet acceptance [27]. Vector boson tagging
techniques [28] can identify a hadronically decaying
vector with a 102 background rejection for a 40%
signal e�ciency. A conservative estimate of the com-
bined e↵ect of these cuts brings the background to
comparable or smaller size than the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal

2
See also Ref. [26] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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HwH+HC
• Relation of the two: 


‣ Identify observables from both classes of processes most sensitive.


✦ Ex: HC: pTH, pTH vs Nj etc   and in HwW:  HT ,  (angular) distributions sensitive to 
polarisation.


‣ In VBS (HwH) and VBF (onshell) possibility of double simultaneous study from 
same final state at the two different energy regimes. 


‣ Plans and stages: 


‣ MG model for HwW should be available from authors. 


‣ Select longitudinally polarised vector bosons 


‣ Onshell production truth samples easily available. 


‣ Start investigating the sensitivity at truth level and build a rough analysis. 


‣ If promising, all study backgrounds and detector level quantities. 


‣ Delphes or else, still to be discussed. 
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